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INTRODUCTION
Reactive components released from conventional composite resins, such as unreacted monomers, may induce toxicity or inflammatory tissue reactions depending on their aggressiveness 1, 2 and the amount of dentin remaining on the cavity floor. 3 In contact with exposed pulp, adhesive systems may also unchain an unfavorable tissue reaction, causing pulp necrosis and apical periodontitis. 4 The results of cell culture studies have shown that methacrylate and dimethacrylate monomers, commonly used in restorative polymeric technology, may affect the recruitment of leukocytes in inflammation sites by decreasing the expression of intercellular adhesion molecules 5 and inducing enzymatic activity and expression of growth factors and cellular cytokines. 6 In addition, resin monomers suppress the mitochondrial activity of macrophages and alter their inflammatory responses. 7, 8 In the last few years, methacrylate-based resins with modifications in their composition and structure have been developed, such as Filtek Supreme XT. This resin is a nanocomposite recently launched by 3M ESPE (St Paul, MN, USA) that contains only nanoparticles and nanoclusters as inorganic fillers. The nanoparticles are monodispersed, nonagglomerated silica particles, while the nanoclusters are spheroidal agglomerates consisting of nano-sized silica and zirconia particles. The micron-sized porous cluster is infiltrated with silane coupling agents to allow chemical bonding with the organic matrix. Although adequate physical properties have been attributed to these resins (eg, improved surface polishing), 9 toxic effects have been observed in cell cultures. 10 On the other hand, the occurrence of polymerization shrinkage and the release of chemical products from methacrylate-based systems have led to the development of resinous materials with improvement of polymerization technology, wear resistance, esthetics, and adhesive properties. 11 Recently, a silorane-based composite resin with a distinctive polymerization characteristic to reduce polymerization shrinkage has been introduced to the market (Filtek Silorane, 3M ESPE). Silorane matrix is formed by the cationic ring-opening polymerization of the silorane monomers. A silorane molecule represents a hybrid that is made of both siloxane and oxirane structural moieties. Silorane technology has afforded a highly hydrophobic restorative material with reduced polymerization shrinkage, 12, 13 more balanced volumetric stress, higher ambient light stability, 12 and insolubility in biologic fluids.
14 Although several recent studies have evaluated physicochemical properties of silorane-based resins, [13] [14] [15] [16] [17] research on their biologic effects is quite limited, being based mostly on in vitro and cell culture studies. 5, 10, 18 To the best of our knowledge, the in vivo pulpal and periapical response to these new restorative systems has not yet been investigated.
The present study evaluated the in vivo pulpal and periapical response to a silorane-based resin system (Filtek Silorane) and a methacrylate-based nanoparticle resin (Filtek Supreme XT) after restoration of deep cavities prepared in dogs' teeth.
MATERIALS AND METHODS
All experiments were conducted strictly in accordance with the guidelines of the university's Ethics Committee for the Care and Use of Laboratory Animals. The study design and histologic parameters for pulpal and periapical tissue reaction evaluation were in accordance with the protocol recommended by the International Organization for Standardization for biologic evaluation of dental materials (ISO standard 7405:1997). 19 The second and third maxillary premolars and the second, third, and fourth mandibular premolars of five mongrel dogs aged 12-18 months and weighing 15 kg on average were selected for the study, providing 50 teeth. The dogs were maintained in quarantine and received vermifuges, vitamin supplements, and antirabic and triple vaccines to put them in adequate health conditions for the experiment. The dogs were housed with free access to water and standard lab chow during the whole course of the study.
The 50 teeth were randomly distributed into six groups: groups I and IV (experimental) (n=10 teeth/ group)-restoration with Filtek Silorane system (3M ESPE) for 10 and 90 days, respectively; groups II and V (experimental) (n=10 teeth/group)-restoration with Filtek Supreme XT system (3M ESPE) for 10 Standardized radiographs of the teeth to be treated were taken using custom-made film-holding devices and size 2 periapical films (Ultraspeed, Eastman Kodak Co, Rochester, NY, USA). An exposure time of 1 second was used with the x-ray equipment (Heliodent, Siemens, Siemens Medical Systems, Iselin, NJ, USA) operating at 60 kVp and 10 mA. The exposed films were processed in an automated processing machine.
All teeth were isolated with a rubber dam, and the operative field was disinfected with 3% hydrogen peroxide followed by the application of 1% chlorhexidine gluconate. After pumice/rubber cup prophylaxis, Class V cavities were prepared on the buccal surface of each tooth with a sterile #1015 bur (KG Sorensen, Sã o Paulo, SP, Brazil) in a high-speed handpiece under abundant air/water spray cooling. Cavity depth was standardized based on the size of the active part of the #1015 bur and the mean thickness of the enamel and dentin of canine teeth, leaving a remaining dentin thickness in the cavity floor between 0.5 and 1.0 mm. The burs were used with intermittent movements and without pressure to avoid overheating. Burs were replaced every four preparations to maintain a good cutting efficiency. The cavities were abundantly irrigated with sterile saline (Glicolabor Indú stria Farmacêutica Ltda, Ribeirã o Preto, SP, Brazil) to remove debris and enamel and dentin chips, and were dried with cotton pellets.
The cavities were restored with the materials corresponding to each group (I to VI), according to the manufacturers' instructions. In groups I and IV, Filtek Silorane self-etch primer was applied actively for 15 seconds with a disposable microbrush tip, followed by gentle air dispersion and light curing for 10 seconds with a halogen source (Ultralux Electronic, Dabi Atlante, Ribeirã o Preto, SP, Brazil) with light intensity of 450 mW/cm 2 as measured with a curing radiometer (Demetron, Kerr Corp, Danbury, CT, USA). A layer of Filtek Silorane adhesive bond was applied, followed by gentle air thinning and 10 seconds of light curing. The cavities were restored with the composite resin using an incremental technique. In groups II and V, Scotchbond Etchant was applied for 15 seconds, rinsed for 10 seconds, and excess water was blotted using a cotton pellet. Two to three consecutive coats of Adper Single Bond 2 Plus Adhesive were applied for 15 seconds with gentle agitation using a fully saturated applicator, gently air thinned for 5 seconds to evaporate solvent, and light-cured for 10 seconds. In groups III and VI, ZOE was prepared and taken to the cavities following the conventional technique.
As all variables should be evaluated in the same animal and in the different dental quadrants, each hemiarch was alternately subjected to the different experimental protocols. Each hemiarch was radiographed, and the animals were maintained under observation during the whole experiment.
At the predetermined experimental periods (10 and 90 days postoperatively), the teeth of each group were radiographed, and the animals were euthanized with a lethal intravenous overdose of sodium pentobarbital. The maxilla and mandible were dissected, reduced in volume, and the restored teeth were removed in blocks (tooth/bone) using a water-cooled diamond saw. The specimens were fixed in a 10% buffered formalin solution for 48 hours at room temperature, demineralized in 10% EDTA, pH 7.4, during approximately 30 days, subjected to routine histologic processing, and embedded in paraffin.
Five-micrometer-thick slides were serially cut longitudinally in a buccolingual direction and were stained with hematoxylin and eosin, Mallory's Trichrome, and Brown and Brenn staining techniques. A single calibrated observer blinded to the treatment groups performed all examinations in a subjective manner using an optical microscope (Axio Imager.M1, Carl Zeiss, Gottingen, Germany) coupled to a digital camera (AxioCam MRc5, Carl Zeiss). The pulpal and periapical response to the tested materials was evaluated in front of the whole extension of the pulpal wall of the cavity based on the histopathologic parameters described by Silva and others. 4, 20 The characteristics of dentin, pulp, and periapical tissues were evaluated according to the following scores: Odontoblast layer: 1 -present, 2 -absent; Inflammatory pulp response: 1 -absent, 2 -mild, 3 -moderate, 4 -severe; Mineralized tissue resorption: 1 -absent, 2 -mild, 3 -moderate, 4 -severe; and Bacteria: 1 -present, 2 -absent. The data were analyzed statistically by Kruskal-Wallis and Dunn post-test using Graph Pad Prism 5.0 (Graph Software Inc, San Diego, CA, USA). A significance level of 5% was set for all analyses.
The thickness of remaining dentin between the pulpal wall of the cavity and the pulp chamber roof was measured in micrometers in images obtained from three slides per specimen at 53 magnification. In all teeth, the remaining dentin thickness was standardized in three regions: at half of the length of the pulpal wall of the cavity and at two regions equidistant between this point and the lateral wall in the right and in the left.
For the radiographic analysis, three calibrated observers (kappa=0.9) examined the periapical radiographs taken before, 10 days and 90 days after the operative procedures as to the presence or absence of lamina dura, areas of periapical bone rarefaction, and internal and external root resorption.
RESULTS
After the 10-and 90-day experimental periods, all fillings were still present in all teeth of the six groups. The mean thickness of remaining dentin between the pulpal wall of the cavity and the pulp chamber roof was 530 lm (standard deviation = 225 lm).
Groups I and II: Filtek Silorane and Filtek Supreme XT (10 Days)
As these groups presented similar histopathologic features, the results are presented together as follows. In all 10 teeth, the pulp tissue was normal, exhibiting an odontoblast layer with vacuolization areas under the remaining dentin layer. In the superficial portion of the pulp, the connective tissue was normal with mild vascular congestion and spindle-shaped fibroblasts. The apical region was normal, with a uniform cementum layer and cementoblasts on the entire surface. The periodontal ligament was normal with intense presence of fibers and absence of inflammatory cells. There were no areas of mineralized tissue resorption. Bacteria were not detected.
Group III: ZOE (10 Days)
In the five teeth of this group the histopathologic features were similar to those described in groups I and II, except for discrete presence of mononuclear inflammatory cell in the pulp core, close to the remaining dentin layer. Bacteria were not detected.
Groups IV and V: Filtek Silorane and Filtek Supreme XT (90 Days)
As these groups presented similar histopathologic features, the results are presented together as follows. One tooth of group IV and two teeth of group V had accidental pulp exposure during cavity preparation, reducing the number of teeth to nine and eight, respectively. In all teeth of both groups, the pulp tissue was healthy, exhibiting a normal odontoblast layer underneath the remaining dentin layer and along the root canal walls. The connective tissue was dense, with a normal vascular system. The apical and periapical region had normal structure and thickness. There were no areas of mineralized tissue resorption or inflammatory cells. Figures 1 and 2 present sets of panels of microscopic images of these groups. The histopathologic features observed at 90 days are also representative of those observed at 10 days. Bacteria were not detected, as illustrated in Figures 1D and 2C .
Group VI: ZOE (90 Days)
At 90 days, the five teeth restored with ZOE presented similar histopathologic features to those observed in the 10-day period, except for the absence of inflammatory cells in the pulp tissue adjacent to the remaining dentin.
Statistical Analysis
Statistically significant difference was found only for periapical and pulpal inflammatory response at 10 days: Filtek Silorane and Filtek Supreme XT had a similar behavior and both materials differed significantly from ZOE (p,0.05). The distribution of teeth according to the scores attributed to the histopathologic parameters in the four groups and the statistical analysis are presented in Table 1 .
Radiographic Analysis
There were no alterations regarding the integrity of the lamina dura, presence of areas of periapical bone rarefaction, or presence of internal or external root resorption in any specimen at either of the two experimental periods.
Pulp Exposure (Groups IV and V)
In the teeth restored with Filtek Silorane and Filtek Supreme XT in which the pulp was accidentally exposed during cavity preparation, the odontoblast layer was absent and the pulp tissue, if present, was necrotic along the canal extension. In the root apex, cementum surface was free of cementoblasts and had a markedly irregular appearance due to resorption. The periodontal ligament was widened, exhibiting intense fiber dissociation, edema, and mononuclear and polymorphonuclear inflammatory cell infiltrate. Microorganisms were not observed.
DISCUSSION
As restorations are frequently placed in deep cavities, the transdentinal diffusion of products released from restorative materials towards the dental pulp may cause pathologic alterations, depending on the size of the molecule, material composition, the surface available for diffusion, dentin tubule permeability, and remaining dentin thickness. For these reasons, deep cavities were prepared to evaluate the pulpal and periapical tissue compatibility of Filtek Supreme and Filtek Silorane resin systems.
Pulp reaction to cavity preparation may vary from a mild inflammatory response associated with slight tissue disorganization to partial pulp necrosis or complete pulp breakdown. Several factors such as air drying of exposed dentin, heat generation by continuous cutting during cavity preparation, or inadequate water cooling, among others, have been considered as responsible for eliciting pulp damage. 21, 22 In the present study, the cavities were prepared under copious air/water spray cooling and with intermittent movements using high-speed burs with good cutting efficiency. These cautions probably minimized the thermal aggressions, since no significant pathologic alterations were found in the 10-day period in either of the groups.
Another parameter that may have an impact on the results is the evaluation period. In the present study, the restorations were made at two different time points of an 80-day interval (10 and 90 days) to allow the collection of the teeth at the same time. The rationale for this sampling schedule design was primordially to have restorations of both experimental periods placed in the same animal. Another methodological design would be to perform the restorative work for all animals at baseline and then conduct the sacrifice/collection of teeth according to the preset schedule at 10 days and 90 days. However, the use of this sampling schedule (ie, place the restorations in different animals allocated to each experimental period) would have some important implications that were taken into consideration during preparation of the study. Firstly, the fact that dogs are not isogenic animals would bring more interferences and biases to the results. Having a material placed in one animal sacrificed at 10 days and having the same material placed in a different animal sacrificed at 90 days would disregard the individual factors inherent to each animal, as every animal responds differently to the experimental conditions and evaluation times. Secondly, there would be ethical implications because the number of animals to be sacrificed for collection of teeth at 10 days and then at 90 days should be considerably increased. Finally, the overall costs of the study would be significantly increased.
Filtek Supreme XT
In the last few years, methacrylate-based resins with modifications in their composition and structure have been developed, such as the nanocomposite Filtek Supreme XT. Although these resins have better physical properties, their cytotoxicity in cell cultures has been demonstrated. 10 Filtek Supreme XT has also been shown to have a high monomer release rate 23 and cytotoxicity to L929 fibroblasts. 24 Although the characterization of tissue response is a key factor to substantiate the clinical use of new dental materials, no histopathologic study has yet evaluated pulp response in vivo after restoration of deep cavities with Filtek Supreme XT resin. In the present study, there was good pulpal and periapical response to the placement of this material in deep cavities. This possibly occurred because Filtek Supreme XT is composed of nanoparticles and nanoclusters, 9 which may reduce the interstitial space and, consequently, the amount of organic matrix capable of releasing methacrylates, thus causing less tissue irritation than conventional methacrylate-based resins.
System Filtek Silorane
According to Ilie and Hickel, 16 the macromechanical, micromechanical, and nanomechanical properties of silorane-based resins are comparable to those of methacrylate-based resins. Cell culture studies investigating the biologic properties of siloranebased resins have shown no cytotoxic effects 5 and low mutagenic potential. 18 Another study 10 evaluating the in vitro cytotoxicity of different resins in Balb/c 3T3 mouse fibroblast cell cultures during eight weeks found that the methacrylate-free resin Hermes, precursor of Filtek Silorane, presented lower cytotoxicity than methacrylate-based resins and was similar to that of Teflon (control). However, to date, there is no published study evaluating the in vivo pulpal and periapical response to the use of Filtek Silorane as a restorative material in deep cavities. In the present study, the pulp tissue had an adequate response to the placement of this material in deep dentin at both evaluation periods. Materials with new polymerization modes are promising for reducing the release of uncured components and, consequently, their cytotoxicity. 10 The results of the present study may have great clinical significance because, in addition to its claimed low polymerization shrinkage, which improves its clinical performance, Filtek Silorane showed tissue compatibility when placed in contact with deep dentin in vivo.
Pulp Exposure (Groups IV and V)
It has been demonstrated that, even in the absence of bacterial contamination, direct pulp capping with adhesive systems causes an inflammatory reaction, 4, 25 disruption, or disappearance of the odontoblast layer, pulp necrosis, 26 and absence of dentin barrier formation. 27 Gerzina and Hume 28 observed that the hybrid layer produced with methacrylatebased adhesive systems cannot be considered an impermeable barrier because it does not prevent the diffusion of monomers to the pulp. In our study, the teeth in which cavities with accidental pulp exposure were restored with Filtek Supreme XT and Filtek Silorane presented pulp necrosis, periodontal ligament widening, edema, intense mononuclear and polymorphonuclear inflammatory cell infiltrate, bone resorption, and cemental resorption, even in the absence of microorganisms. These results indicate that these materials should not be placed in direct contact with exposed pulp.
ZOE
The teeth restored with ZOE did not present significant pulpal alterations, except for the presence of inflammatory cell infiltrate in the 10-day period, which was more intense that that observed in the teeth restored with the resins. These results are in agreement with those of Murray and others 29 who reported that the use of ZOE for indirect pulp capping did not cause intense pulp reactions.
CONCLUSION
Based on the findings of this in vivo study, it may be concluded that the use the silorane-based (Filtek Silorane) and the methacrylate-based nanoparticle (Filtek Supreme XT) resins caused no adverse pulpal and periapical reactions when placed in deep dentin cavities. Further research at other research levels and with longer evaluation periods, including clinical trials, are needed to support the clinical use of these materials.
